The high-affinity receptors for human interleukin-3 (IL-3). subunit (common p; pc).22 Our reconstitution experiments have provided a molecular basis for binding cross-competition between hIL-3 and hGM-CSF and have also explained the similarities in the biologic activities and signaling pathways of hIL-3 and hGM-CSF. Involvement of pc in formation of high-affinity hIL-5R has also been shown,23 explaining the phenomenon of inhibition of hIL-5 binding by either hIL-3 or hGM-CSF'6 and the similarity in the signaling pathways between IL-5 and IL-3/GM-CSF.z4
CSF (mGM-CSF) has not been demonstrated at 4"C, although mIL-3 downmodulates the mGM-CSF receptor (mGMR) at 37"CZ Moreover, unlike humans, mice have two closely related genes, AIC2A" and AIC2B,27 both of which are homologous to human pc. Both AIC2A and AIC2B genes were originally isolated by expression cloning using the anti-Aic2 monoclonal antibody (MoAb)= and encode 120-Kd proteins. The AIC2A protein binds mIL-3 with low affinity, whereas the AIC2B protein does not bind mIL-3 despite its high degree of sequence homology to AIC2A (91% at the amino acid level). Purification of high-affinity mIL-3 receptor indicated that the AIC2A protein is a component of high-affinity IL-3R,29 consistent with the observation that the antibody specific for AIC2A inhibits high-affinity IL-3 binding. 30 Although the AIC2B protein does not bind any cyt~kines,*~ it interacts with human GMRa and transmits signals, indicating that the AIC2B protein is the p subunit of mGMR. 31 It also associates with mouse IL-5Ra and forms a high-affinity IL-5R.3z,33 Therefore, the following two possibilities had been considered for the mouse systemz2: (a) AIC2A is the p subunit for mIL-3R, and AIC2B is a p subunit shared between mGMR and mIL-5R; and (b) AIC2B is shared among mIL-3R, mGMR, and mIL-5R as a p subunit, as is true of human pc, and AIC2A is a specific p subunit for mIL-3R.
To examine whether hIL-3Ra can form a functional receptor for hIL-3 with human pc, AIC2A, or AIC2B proteins, we stably transfected cDNAs for hIL-3Ra, pc, AIC2A , and AIC2B into a murine IL-2-dependent cell line, CTLL-2, in various combinations. Analysis of these transfectants showed that both (Y and Pc subunits are required for signal transduction of hIL-3 and that AIC2B is functionally equivalent to human pe We also showed that hIL-3 and hGM-CSF induce tyrosine phosphorylation of several protein species both in native and molecularly reconstituted receptor systems.
CSF-dependent cell line, TF-1,18 was maintained in RPMI 1640 supplemented with 10% FCS with addition of 1 ng/mL hGM-CSF. Recombinant hGM-CSF and mIL-2 were produced in Escherichia coli. E. coli-derived recombinant hIL-3 was provided by Dr Monica Tsang (R&D Systems, Minneapolis, MN). Recombinant hIL-3 produced from yeast was iodinated according to the method of Bolton and Hunter35 with minor modifications as described previously?6 Specific activity obtained by this method ranged from 3 to 6 X 10" cpm/ng protein.
Construction of expression plasmids and transfection to CTLL-2 ceh. The cDNAs were inserted downstream of the SRa promoter in the expression vector, pCEV4% and its derivative, pME18 (K. Maruyama and A. Miyajima, unpublished observations, 1989). A selection marker, either the Ne0 or Hyg gene with the SV40 promoter, was added to the vectors. Cells washed with HEPESbuffered saline (HBS) were resuspended at lo7 cells/mL, and 50 pg linearized plasmid DNA was added to 0.8 mL cell suspension in a 0.4-cm electroporation cuvette (BioRad, Richmond, CA). Electroporation was performed with a Gene Pulser (BioRad) at 960 pF and 350 V. Transfectants were selected with either 1 mg/mL G418 or 1 mg/mL hygromycin depending on the selection marker on the plasmid DNA.
Anti-Aic2 MoAb (rat IgM)28 that recognized both the AIC2A and AIC2B proteins was provided by Dr Shin Yonehara (Tokyo Metropolitan Institute). Anti-AIC2A specific MoAb, 9D3 (rat IgG), was raised against the recombinant AIC2A protein. 30 Anti-hIL3Ra MoAb, N3A (mouse IgG) was obtained by immunizing mice with Ba/F3 cells stably transfected with cDNA for hIL-3Ra (N. Sat0 et al, manuscript in preparation).
Cells were incubated with anti-Aic2, 9D3, or N3A MoAb in RPMI 1640 containing 10% FSC for 60 minutes on ice, washed twice with RPMI containing 10% FCS, and subsequently incubated with FITC-labeled F(ab)z fragments of goat anti-rat IgM, goat anti-rat IgG or goat anti-mouse IgG, respectively, for 30 minutes on ice. After the cells were washed twice with RPMI 1640 containing 10% FCS, expression of the AIC2 antigens and hIL3Ra on the cells was analyzed by FACScan (Becton Dickinson, Mountain View, CA).
The cells were incubated with various concentrations of lZ1-hIL-3 with or without an excess amount of unlabeled hIL-3. Binding was performed at 15°C for 3 hours to obtain equilibrium binding?6 Scatchard plot analyses of the binding data were performed by the LIGAND program. 37 Cell proliferation was measured by a colorimetric assay using 3-(4,5-dimethylthiazo1-2-y1)-2,5diphenyltetra- Before stimulation with the cytokines, CTLL-2 transfectants or TF-1 cells had been deprived of factors for 6 or 20 hours, respectively, and sodium orthovanadate was added to the culture at a concentration of 50 pmol/L 30 min before stimulation. The cells were then stimulated with 100 U/mL mIL-2, 10 ng/mL hIL-3, or 10 ng/mL hGM-CSF for 5 minutes and Recombinant cytokines and radiolabeling.
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collected by centrifugation at 4°C. The resultant cell pellets were lysed in lysing buffer (1% Triton X-100 [Sigma, St Louis, MO], 50 mmol/L HEPES pH 7.4, 1 mmol/L phenylmethyl sulfonyl fluoride (PMSF) and 1,000 U/mL aprotinin); '/4 vol 5X Lemmli's sample buffer was added to the cell lysate. The samples were boiled for 1 minute and separated by sodium dodecyl sulfate (SDS)/8% polyacrylamide gel electrophoresis (PAGE). The separated proteins were electrophoretically transferred to a nylon membrane filter (Imobilon-P, Millipore, Bedford, MA) in blotting solution (25 mmol/L Tris, 0.19 mol/L glycine, 20% methanol, and 0.1% SDS). The filter was then blocked in Tris-NaC1 solution (50 mmol/L Tris-HC1 pH 7.5 and 150 mmol/L NaCl) containing 3% bovine serum albumin (BSA). The filter was incubated with an antiphosphotyrosine MoAh PY20 (ICN Biomedicals, Costa Mesa, CA) at 1 kg/mL in Tris-NaC1 solution containing 1% BSA and 0.2% sodium azide for 2 hours at room temperature, washed four times with Tris-NaC1 solution containing 0.1% Tween 20, and incubated with lZI-labeled goat anti-mouse IgG (1 gCi/mL) for 30 midutes at room temperature. After incubation, the filter was washed extensively with phosphate-buffered saline (PBS) containing 0.1% Tween 20. The filter was dried and then subjected to autoradiography with an intensifying screen (Lightning Plus, Dupont, Boston, MA).
RESULTS
An IL-2-dependent mouse T-cell line, CTLL-2, was transfected with various combinations of cDNAs for hIL-3Ra, hGMRa, pc, AIC2A and AIC2B (summarized in Table 1 ). At least three independent clones for each kind of transfectant were established and characterized. The results obtained with the multiple clones were essentially identical, although the expression levels of the transfected molecules varied depending on the transfectants. Representative transfectants are described.
Scatchard plot analysis demonstrated that a CTLL transfectant (CTLL/KD6) expressing a and p subunits of human IL3R expressed both high-affinity (kd = 50 pmol/L; 3,000 sites/cell) and low-affinity (kd = 80 nmol/L; 100,000 sites/ cell) receptors for human IL-3 (Fig l) , but determining kd values of the I L 3 binding to CTLL/D (expressing hIL3Rol), CTLL/AD (expressing hIL-3Ra and AICM), and
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Bound pM CTLL/BD (expressing hIL-3Ra and AIC2B) was difficult. Although some hIL-3 binding was detected on these transfectants at the concentrations greater than 20 nmol/L lZ51-hIL-3, it was not enough to estimate the kd values by Scatchard plot analysis. Previously we estimated the kd value of the hIL-3 binding to hIL-3Ra using COS7 cells transiently transfected with the hIL-3Ra cDNA that expressed many IL-3Ra (5 to 10 x lo5) receptors per Because the kd value of the hIL-3 binding to hIL-3Ra is extremely high (kd -100 nmol/L), such low-affinity hIL-3
binding cannot be detected on most human IL-3-dependent cell lines12-17J9,36 in which the expression level of hIL-3Ra is not more than several thousands per cell. Because we did not observe significant difference of binding between CTLL/D, CTLL/AD, and CTLL/BD, neither AIC2A nor AIC2B appeared to increase the binding affinity. To clarify further whether AIC2A or AIC2B can increase the affinity of hIL-3Ra, we examined hIL-3 binding to COS7 transiently transfected with hIL-3Ra and either AIC2A or AIC2B cDNAs. The expression level of the receptors in COS7 cells was high enough to allow Scatchard analysis. The Scatchard analysis did not show any significant difference between hIL3Ra alone and coexpression of hIL3Ra with either AIC2A or AIC2B. The affinities of hIL-3Ra to those transfected COS7 cells were kd = 50 to 150 nmol/L (data not shown). We examined expression of the hIL-3Ra on the transfectants by using an MoAb, N3A, raised against recombinant hIL-3Ra (Fig 2C) . Expression levels of the AIC2A and AIC2B proteins were assessed by binding of MoAbs antiAic2, which recognizes both AIC2A and AIC2B, and 9D3, which is AIC2A-specific (Fig 2A and B) . CTLL/D is a transfectant expressing only the hIL-3Ra cDNA, and all CTLL/D transfectants analyzed expressed detectable levels of hIL-3Ra, but expression levels were variable (Fig 2C  and data not shown) . Expression levels of the Aic2 antigens and hIL-3Ra in CTLL/AD4 and CTLL/BDl were comparable (Fig 2) .
AIC2B is a mouse counte?part of the human common / 3 subunit. Response of the CTLL-2 transfectants to hIL-3 is shown in Fig 3 and Table 1 . The CTLL-2 transfectants expressing both a and p subunits of hIL3R (CTLL/KD6) proliferated in response to hIL-3 at low concentrations, and the EC5,, value was 0.1 ng/mL (7 pmol/L). The transfec-
Fluorescence Intensity tants expressing only hIL3Ra (CTLL/DS) did not respond to hIL-3 even at high concentrations. Coexpression of hIL3Ra and AIC2A in CTLL cells (CTLL/AD4) did not confer an hIL3 response (Fig 3A) but the transfectants expressing hIL3Ra and AIC2B (CTLL/BDl) proliferated in the presence of high concentrations of hIL-3, and the E% value was 3 ng/mL (200 pmol/L). All 1L->responsive transfectants proliferated continuously in the presence of hIL3 (Fig 3B) .
Establishment of hlL-3-dependent subclones from hlL-3 nonresponsive CTLL tmnsfectants tqressing hlL-3Ra Although CTLL/D5 and CTLL/D17 transfectants did not respond to hIL3, a small proportion (0.01% to 0.03%) of these transfectants survived and gave rise to hIL-3-dependent subclones (CTLL/D5/3 and CTLL/D17/3) in the presence of high concentrations of hIL3 (100 ng/mL). The ECso value of these subclones was 30 ng/mL (2 nmol/L). These subclones expressed substantial levels of the Aic2 antigens, although parental CTLL/DS transfectants or original CTLL-2 cells did not express Aic2 antigens (Fig 2A) . The AIC2A-specific MoAb 9D3 demonstrated that the Aic2 antigens expressed on the CTLL/D5/3 or the CTLL/D17/3 transfectants were not the AIC2A protein (Fig 2B) .
To confirm that the Aic2 antigens expressed on the ILMependent sublines were the AIC2B proteins, we analyzed mRNA extracted from these transfectants. Because AIC2A and AIC2B are 95% identical at the DNA leveln and the transcripts for AIC2A and AIC2B are indistinguishable by Northern blot analysis, we performed S1 nuclease protection assays to distinguish the transcripts for AIC2A and AIC2B (Fig 4) . As expected, CTLL/AD4 or CTLL/BDl exclusively expressed AIC2A or AIC2B mRNA, respectively. Consistent with the data from FACS analysis, S1 nuclease protection assay demonstrated that the hIL-3-dependent sublines, CTLL/D5/3 and CTLL/D17/3, express a transcript for AIC2B but not AIC2A (Fig4 and data not shown). Neither the parental CTLL-2 cells nor CTLL/D5 transfectant expressed detectable levels of the AIC2 mRNAs.
Tyrosine phosphorylation stimulated by hlL-3, hGM-CSF, and mlL-2 in CTLL-2 transfectants qwssing hlL-3R and hCMR. Transfectants expressing hIL3Ra, hGMRa, and BE responded to hIL-3 and hGM-CSF at physiologic concentrations (Fig 5) , and the dose-response patterns of these transfectants were essentially identical to a human IL-3/ GM-CSF-dependent cell line, TF-I.'* As shown in Fig 6, several protein species were phosphorylated at tyrosine residues when the CT'LL transfectant expressing hIL-3R/ GMR (cTLL/cc5) was stimulated with hIL-3, hGM-CSF, or mIL2. Among them, the 90-Kd proteins in cells stimulated with either hIL-3, hGM-CSF, or mIL-2 were the most prominently phosphorylated proteins and they had the same molecular weight (mol wt), suggesting that the 90-Kd proteins phosphorylated by hIL-3, hGM-CSF, and mIL-2 may be the same molecule. The 120-Kd phosphorylated protein observed in the CTLL/ccS stimulated by hIL-3 and hGM-CSF can be immunoprecipitated by an anti+, MoAb (data not shown). This is consistent with the result that tyrosine phosphorylation of the 120-Kd protein in IL-2-stimulated cells is barely detectable. In addition to these two major phosphorylated proteins, two minor proteins (p77 and p60) were also phosphorylated by hIL-3, hGM-CSF, or mIL-2 in this transfectant, although phosphorylation of p77 appeared to be weaker when stimulated by hGM-CSF.
DISCUSSION
We demonstrated that f3, is essential for the signaling pathways of hIL3 (Fig 3) as well as hGM-CSF, as described previously,J' and that the mouse AIC2B protein is functionally equivalent to human &. In contrast to the human system in which a single f3 subunit (Be) is shared among three distinct receptors for IL-3, GM-CSF, and IL-5, the mouse system has two closely related genes, AIC2A and AIC2B. which have 70% homology with human Be. The AIC2B protein is capable of forming functional receptors for hIL3 (Fig 3) and hGM-CSFJ' with the respective human a subunits, although high-affinity binding sites for neither hIL-3 nor hGM-CSF were formed. Recently, AIC2B3a3 and Sea were proven to be the f3 subunit of IL-5R as well. Thus, not only the human pC but also the mouse AIC2B are shared among at least three distinct receptor systems.
That the hIL3Ra cDNA probe detected no transcript in an mIL34ependent cell line B6SUtk which expressed a high level of mIL-3R, in low stringency conditionszz suggests that a putative mIL-3Ra has been extensively diverged. Although AIC2A is capable of binding mIL-3 with only low affinity," structural similarity between AIC2A and AIC2B2'.z7 suggests that the AIC2A protein is a p subunit of high-affinity mIL-3R. Indeed, several lines of evidence indicate that the AIC2A protein is a component of a high-affinity mIL-3R.29J0 Thus, a putative mIL3Ra probably forms a high-affinity IL3R with AIC2A. but this does not exclude thc possibility that AIC2B is also involved in a high-affinity mIL-3R. Because only AIC2B but not AIC2A protein can form functional receptors with hIL3Ra and is the B subunit for mIL-5 and mGM-CSF recept~rsP'-~~ AIC2B appears to be equivalent to the human common B subunit. Questions remain, however: Do mice have only one type of mIL-3Ra that interacts with both AIC2A and AIC2B? What is the function of AIC2k whose counterpart has not been found in humans? To address these questions, cloning of a putative mouse IL-3Ra subunit and reconstitution of high-affinity mIL-3R is essential.
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From Using a CTLL-2 transfectant expressing both hIL3R and hGMR (CTLL/ccS), we demonstrated that hIL-3 and hGM-CSF induce tyrosine phosphorylation of several protein species and that the pattern is similar to that of TF-1 cells stimulated with either hIL-3 or hGM-CSF, although the molecular sizes of the phosphorylated proteins were slightly different between CTLL/cc5 and TF-1 (Fig 6) . This may result from cell type difference (mouse T cell v human myeloid cell), such as different glycosylation. Tyrosine phosphorylation is induced by I L -~, @ v~~ IL-3, and GM-CSF5-*,@ and that the signaling pathways of these cytokines involve activation of p21ras9 and phosphorylation of raf-1 p r~t e i n .~~.~~ IL-3 and IL-2@ or IL-3 and GM-CSF7,8 stimulate phosphorylation of a similar set of proteins. Our data are consistent with these results, but present results do not exclude the possibility that in the CTLL/ccS transfectant, IL-3 and GM-CSF transmit the signal through a pathway similar to but distinct from a native signaling pathway of IL-3/GM-CSF used in hematopoietic cells in physiologic conditions.
Another of our findings is that a small population (0.01% to 0.03%) of the CTLL transfectants expressing the hIL3Ra alone survived in the presence of high concentrations of hIL-3 and gave rise to hIL-3-dependent sublines that can be maintained for a long time in the presence of high concentrations of hIL-3 (Fig 3) . These sublines (CTLL/ D5/3 and CTLL/D17/3) expressed endogenous AIC2B proteins, although neither parental CTLL-2 cells nor the CTLL/D transfectants expressed detectable levels of AIC2B as assessed by FACS analysis (Fig 2A) or S1 nuclease protection assay (Fig 4) . The ECS0 values of these hIL-3-dependent sublines were substantially higher than those of CTLL/BD transfectants (Fig 3A) that also expressed hIL3Ra and the AIC2B protein. This difference may be explained by lower expression levels of AIC2B in the hIL-3-dependent sublines (Fig 2A) . S1 nuclease protection assays demonstrated that the Aic2 antigen expressed on these IL3-dependent sublines was exclusively the AIC2B protein and not the AIC2A protein (Fig 4) . This result was different from a previous observation that expression of the AIC2A and AIC2B genes was coordinately regulated in various hematopoietic cells.27 Regulation of AIC2 expression in T cells may be different from that in hematopoietic cells.
If conversion of hIL-3 nonresponsive CTLL/D to hIL-3-dependent cells were a selection of a small population of CTLL-2 cells expressing the AIC2B protein, hGM-CSFdependent sublines would be obtained from CTLL-2 transfectants expressing hGMRa. CTLL-2 transfectants expressing hGMRa never gave rise to GM-CSF-dependent subclones, however.31 To confirm this difference, we established an additional 15 transfectants expressing hGMRa, but none of them gave rise to an hGM-CSF-dependent subline (T.K., unpublished observations, December 1991). One possible explanation for this difference is that hIL-3Ra but not hGMRa is able to induce expression of AIC2B proteins. Although the two a subunits interact with the same p subunit, there appears to be some functional difference between IL-3 and GM-CSF; eg, IL-3 stimulates self-renewal rather than differentiation, and GM-CSF stimulates the differentiation rather than self-renewal of FDCPmix
We speculate that the ligand-specific a subunits may have a role in transmitting ligand-specific signals, although the common p subunit plays a major role in signal transduction for proliferation.
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